Study Design. A retrospective study. Objective. Aim of the study was to investigate morphological differences in the vertebrae of scoliosis secondary to neurofibromatosis type 1 (NF1-S) with and without paraspinal neurofibromas and to identify the relationship between paraspinal neurofibromas and vertebral deformity. Summary of Background Data. Scoliosis is the most common orthopedic manifestation of NF1. Erosion or infiltration of the bone by localized neurofibromas was suggested as one of the primary etiology for the vertebral deformity. Methods. One hundred fourteen patients with NF1-S were classified into spinal tumor (ST) group and nontumor (NT) group with respect to the presence of paraspinal neurofibromas. The curve pattern, curve magnitude, the shape and location of paraspinal neurofibromas, and various kinds of morphological changes of vertebrae were evaluated by complete radiographs were compared between the two groups to determine whether the presence of paraspinal neurofibromas could be associated with a more severe vertebral deformity. Results. The ST and NT groups included 54 patients (age, 16.8 AE 5.5 years) and 60 patients (age, 17.3 AE 4.2 years), respectively. The Cobb angles of the main curve were 72.38 AE 20.68 and 65.48 AE 19.48 for the ST and NT groups, respectively. No significant differences were observed between the two groups in age, sex ratio, and Cobb angle. There were significant differences between the ST and NT groups in apical vertebral rotation (36.88 AE 7.28 vs. 27.58 AE 6.88; P < 0.001) and the prevalence of rotatory subluxation (66.1% vs. 35.0%; P ¼ 0.04). Most of the paraspinal neurofibromas (70.4%) developed within the apical region, with the majority (29/38) located on the concave side. Conclusion. The NF1-S patients with paraspinal neurofibromas had significantly higher prevalence of morphological changes of vertebrae. The paraspinal neurofibromas, most of which were located on the concave side of the apical region, could be associated with more severe vertebral deformities.
N eurofibromatosis type 1 (NF1) is an autosomal dominant disorder with a prevalence rate of 1:3000.
1,2 As a multisystemic disease, NF-1 may manifest as abnormalities of the nervous tissue, bones, soft tissue, and skin. 3 Scoliosis is the most common orthopedic manifestation of NF1. [3] [4] [5] It may vary in severity from mild and nonprogressive to severe curvatures. 6 Erosion or infiltration of the bone by localized neurofibromas was suggested as one of the primary etiology for the development of spinal deformity. [7] [8] [9] Previous investigators used whole-spine magnetic resonance imaging (MRI) in conjunction with plain radiographs to delineate intraspinal and extraspinal tumors and illustrate the spinal deformity in detail. [10] [11] [12] The incidence of spinal tumors (STs) in patients with NF-1 varies from 1.5% to 39%. 10, 11, 13 Khong et al 11 reported that the incidence of scoliosis in patients with spinal neurofibromas was higher than those without tumors. Ramachandran et al 13 noted that there was a tendency for the neurofibromas to develop adjacent to the convexity of the curve. However, there was a paucity of reports on the association of paraspinal neurofibromas with morphological changes of vertebrae.
Paraspinal neurofibromas can increase intraoperative bleeding in patients with scoliosis secondary to NF-1 (NF1-S). In addition, deformed vertebrae can increase the risk of screw misplacement, leading to severe complications involving the surrounding visceral, vascular, and neurologic structures. [14] [15] [16] [17] This study aims to investigate the morphological differences in the vertebrae between NF1-S patients with and without paraspinal neurofibromas, and to investigate the relationship of those neurofibromas with vertebral deformity.
PATIENTS AND METHODS

Patients
After Institutional Review Board approval, a retrospective study of 128 patients with NF1-S who underwent scoliosis surgery from January 2008 through October 2013 was conducted. The diagnosis of NF-1 was established when at least two of the most commonly presenting features of the disease, as defined by the 1987 Consensus Development Conference of the National Institutes of Health, were present. 18 The inclusion criteria were (1) scoliosis secondary to NF-1 with apex located from T3 to L4; (2) Cobb angle of more than 408; (3) availability of imaging data (including plain films, computed tomography [CT], MRI). The paraspinal neurofibroma was defined as the neurofibromas anterior or anterolateral to the vertebral body. Patients with diffuse neurobromas, which developed in musculus sacrospinalis or with a history of spine surgery were excluded. Medical data and preoperative plain radiographs, CT, and MRI were reviewed. The patients with paraspinal neurofibromas were included in the ST group ( Figure 1A-F) , and those without spinal neurofibromas were included in the nontumor (NT) group (Figure 2A-F) . 
Radiological Evaluation
Standing anteroposterior (AP) and lateral whole-spine plain films were obtained preoperatively to assess the curve pattern and curve magnitude by the Cobb method. 19 The rotatory subluxation (vertebral rotation with lateral displacement >3 mm) were evaluated on CT scans. The angle of apical vertebral rotation (AVR) was measured by Ho et al's 20 method. Dysplastic pedicles were defined as those less than 2 mm in the narrowest diameter orthogonal to the long axis of the pedicle on CT scans. Vertebral scalloping (considered to be present when the depth of scalloping is 3 mm in the thoracic spine or 4 mm in the lumbar spine) was assessed on plain films. The MRI was reviewed for the presence and site of paraspinal neurofibromas. Neurofibromas were classified as dumbbell, nodular, or plexiform (poorly defined paravertebral soft tissue masses) based on the shape of tumors. 13 The fusion rate was assessed on X-ray films by Bridwell et al's method 21 at 1-year follow-up.
Statistical Analysis
The data analysis was performed using SPSS version 19.0 (SPSS Inc., Chicago, IL). Quantitative data were presented as mean AE SD. Continuous data were compared between the ST and NT groups, using the Student t test, whereas categorical data were analyzed using the chi-square test. All significance tests were two-tailed, with a P-value of less than 0.05 representing statistical significance.
RESULTS
A total of 114 subjects were enrolled in the present study, including 54 in the ST group and 60 in the NT group. The average age was 13. Table 1 ). The thoracic curve was the more frequent curve type in the both groups, but no significant difference was found (P > 0.05). In addition, there were no significant differences between the two groups in age, sex ratio, and the magnitude of Cobb angle (P > 0.05). The fusion rates were 81.5% (44/54) and 86.7% (52/60) for the ST and NT groups, and no significant difference was observed in fusion rate between the two groups (P ¼ 0.62).
Morphological Differences of Vertebrae Between the Two Groups
The AVR in the ST group was significantly larger than that in the NT group (36.88 AE 7.28 vs. 27.58 AE 6.88; P < 0.001).
Moreover, the prevalence of rotatory subluxation in the ST group was significantly higher than that in the NT group (66.7% vs. 35.0%; P ¼ 0.04). The incidence of vertebral scalloping and dysplastic pedicles was higher in the NT group than in the ST group but with no significant difference (51.8% vs. 43.4%; P > 0.05 for vertebral scalloping; 48.1% vs. 40.0%; P > 0.05 for dysplastic pedicles) ( Table 2 ).
Features of Paraspinal Neurofibromas
Thirty-eight out of 54 (70.4%) of the neurofibromas developed within the apical region (including two vertebrae above and below the apex each). Of them, 76.3% (29/38) were located on the concave side; and the most common type was nodular (16/38) ( Table 3 ). The ratios of vertebral deformities located adjacent to the levels involved with paraspinal neurofibromas were 63.9% (23/36), 75.0% (21/28), and 69.2% (18/26) for rotatory subluxation, vertebral scalloping, and dysplastic pedicles, respectively ( Figure 3 ). In addition, there were 23 cases (42.6%) with one morphological change of vertebrae adjacent to the site of paraspinal neurofibromas, 25 cases (46.3%) with two, and 34 cases (63.0%) with three or more close to the neurofibromas.
DISCUSSION
Scoliosis is the most frequent musculoskeletal manifestation in NF-1, more frequently occurring in the thoracic region 3, 6, 22, 23 Erosion or infiltration of the bone by localized neurofibromas was suggested as one of the main causes for scoliosis. 9, 24 The whole-spine MRI is recommended as part of the routine preoperative assessment in all patients with On the basis of the high incidence of STs found on MRI in a study of both childhood and adult patients with NF-1, it has been suggested that MR screening of the whole spine should be performed for NF-1. 10 Therefore, we suggested that MRI scan be performed prior to surgery to delineate intraspinal and extraspinal tumors regardless of the curve magnitude.
Egelhoff et al 10 identified a high incidence of STs on MRI reports (35.7%) in a mixed population of adult and pediatric patients with NF-1 without spinal deformity. Khong et al 11 examined 62 NF-1 children with a mean age of 9.6 years (range, 11 months-18 years) and reported a 13.2% incidence of spinal neurofibromas, closely associated with an increased incidence of scoliosis, localized cutaneous neurofibromas, and massive soft tissue neurofibromas. In our series, the prevalence of paraspinal neurofibromas was relatively higher than previous reports, with an incidence of 47.4% in patients with NF1-S. As for the tumor site, Ramachandran et al 13 reported that neurofibromas had a tendency to develop adjacent to the convexity of the curve in only 16 subjects (15.6 years, range 3-40 years). In the present study we found that 76.3% (29/38) of the neurofibromas were located predominantly on the concave side within the apical region. It is clear that the different age cohorts and sample sizes could account for the discrepancy between the previous reports and current study. Thus, further studies with larger sample size and specific age grouping are required to carry out.
For patients with NF1-S, we routinely performed standing full-length AP and lateral spine radiographs and supine AP bending views, CT scans and three-dimensional reconstruction, and whole-spine MRI preoperatively for evaluating the curve magnitude, vertebral deformities, and the presence of ST. Vertebral rotatory subluxation, first described by Trammell et al, 27 is a triaxial deformity consisting of axial rotation and lateral translation toward the convexity of the curve with a prevalence of 19.5% in idiopathic scoliosis. In this series, we found that vertebral rotatory subluxation was the most frequent morphological change in both groups, and the incidence was significantly higher in the ST group (P ¼ 0.02). Remarkably, we observed that AVR, which has been considered to be one of the crucial parameters for the evaluation of the vertebral deformity, 28, 29 was higher in the patients with paraspinal neurofibromas. Taken together, it revealed that paraspinal neurofibromas could lead to more severe morphological changes of vertebrae.
Crawford et al 5 noted that pressure erosive effects of paravertebral tumors have been frequently found adjacent to and approximated to the vertebral deformities. In accordance with the previous study, we found that morphological changes of vertebrae occurred more frequently in the patients with paraspinal neurofibromas, and most of these vertebral deformities were adjacent to the site of neurofibromas, including rotatory subluxation, vertebral scalloping, and dysplastic pedicles (Figure 3) . Furthermore, 23 cases (42.6%) with one morphological change of vertebrae adjacent to the site of paraspinal neurofibromas were found, 25 cases (46.3%) with two and 34 cases (63.0%) with three or more close to the neurofibromas were observed. Therefore, it is suggested that the region appearing more morphological changes of vertebrae requires utmost caution to identify the neurofibromas.
Although used as a surveillance tool to identity the presence and site of paraspinal neurofibromas, the wholespine MRI would be insufficient for assessing the vertebral morphology. In this study, we found that vertebral deformities were adjacent to the site of paraspinal neurofibromas, which could lead to more severe vertebral deformities. It is well accepted that the CT scans can be better employed to evaluate the vertebral deformities including dysplastic pedicles and rotatory subluxation, 14, 20, 30, 31 so as to determine its relationship with paraspinal neurofibromas.
To the best of our knowledge, this is the first study that has systematically identified the morphological differences between NF1-S patients with and without paraspinal neurofibromas. It is also the largest series describing the spinal manifestations of NF1-S in young patients. However, this study had some limitations. First, this was a cross-sectional study, and an additional longitudinal study is necessary to evaluate the exact role of the paraspinal neurofibromas in the Figure 3 . The incidence of vertebral deformities adjacent to the site of paraspinal neurofibromas.
dynamic changes of vertebral morphology in patients with NF1-S. Moreover, the small sample size of the subgroups, and therefore the limited evidence with respect to the correlation of curve side with the location of spinal neurofibromas precluded the confirmation of the association. The rigid inclusion criteria restrained the external validity of our findings to some extent. This issue is, however, beyond the scope of this study and requires further investigation.
CONCLUSION
In conclusion, the prevalence of paraspinal neurofibromas in patients with NF1-S was 47.3%. NF1-S patients with paraspinal neurofibromas had a significantly higher prevalence of morphological changes of vertebrae, of which the most frequent was rotatory subluxation. Of the paraspinal neurofibromas in these patients, most were in the thoracic spine, on the concave side, and within the apical region. Thus, the surgery should be performed more prudently in the region where the neurofibromas are located.
Key Points
The prevalence of paraspinal neurofibromas in patients with NF1-S was 47.3%. The NF1-S patients with paraspinal neurofibromas had a significantly higher prevalence of morphological changes of vertebrae, of which the most frequent was rotatory subluxation. Most of the paraspinal neurofibromas were in the thoracic spine, on the concave side, and within the apical region.
